Mitochondrial injury, characterized by outer membrane permeabilization and consequent release of apoptogenic factors, is a key to apoptosis of mammalian cells. Bax and Bak, two multidomain Bcl-2 family proteins, provide a requisite gateway to mitochondrial injury. However it is unclear how Bax and Bak cooperate to provoke mitochondrial injury and whether their roles are redundant. Here, we have identified a unique role of Bak in mitochondrial fragmentation, a seemingly morphological event that contributes to mitochondrial injury during apoptosis. We show that mitochondrial fragmentation is attenuated in Bak-deficient mouse embryonic fibroblasts, baby mouse kidney cells, and, importantly, also in primary neurons isolated from brain cortex of Bak-deficient mice. In sharp contrast, Bax deficiency does not prevent mitochondrial fragmentation during apoptosis. Bcl-2 and Bcl-XL inhibit mitochondrial fragmentation, and their inhibitory effects depend on the presence of Bak. Reconstitution of Bak into Bax/Bak doubleknockout cells restores mitochondrial fragmentation, whereas reconstitution of Bax is much less effective. Bak interacts with Mfn1 and Mfn2, two mitochondrial fusion proteins. During apoptosis, Bak dissociates from Mfn2 and enhances the association with Mfn1. Mutation of Bak in the BH3 domain prevents its dissociation from Mfn2 and diminishes its mitochondrial fragmentation activity. This study has uncovered a previously unrecognized function of Bak in the regulation of mitochondrial morphological dynamics during apoptosis. By this function, Bak may collaborate with Bax to permeabilize the outer membrane of mitochondria, unleashing the apoptotic cascade.
M
itochondrial injury is central to apoptosis (1) (2) (3) . The permeabilization of mitochondrial outer membrane leads to the release of apoptogenic factors such as cytochrome c (cyt.c), Smac/ Diablo, Omi/HtrA, endonuclease G, and apoptosis-inducing factor (1) (2) (3) . Critical regulators of mitochondrial integrity during apoptosis include Bcl-2 family proteins (4) (5) (6) (7) (8) . In particular, Bax and Bak, two proapoptotic multidomain Bcl-2 proteins, are essential to the permeabilization of mitochondrial outer membrane (9, 10) . Despite these findings, it remains unclear how Bax and Bak cooperate to provoke the membrane permeabilization and whether their roles are overlapping or redundant.
Recent studies have revealed a striking morphological change of mitochondria during apoptosis (11) (12) (13) (14) . Upon apoptotic stimulation, mitochondria collapse from a filamentous network into punctate fragments. Importantly, the morphological change seems to contribute to mitochondrial injury and consequent release of apoptogenic factors including cyt.c (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . Mitochondrial morphological dynamics is determined by a balance between two opposing processes, fission and fusion (25, 26) . Thus, mitochondrial fragmentation during apoptosis may be a result of increased fission and/or decreased fusion. However, it is unknown how the morphological dynamics is regulated and shifted during apoptosis.
Whether Bcl-2 family proteins regulate mitochondrial morphology during apoptosis is unclear. Sugioka et al. (18) showed that overexpression of Bcl-2 did not affect mitochondrial fragmentation during apoptosis. Similar results were suggested for Bcl-XL, the antiapoptotic Bcl-2 homolog (16) . In sharp contrast, Kong et al. (24) demonstrated the inhibitory effects of Bcl-2 on mitochondrial fragmentation during apoptosis of MCF-7 cells. In yeast, Bcl-2 and Bcl-XL expression blocked mitochondrial fission and cell death (19) . In Caenorhabditis elegans, mitochondrial fragmentation during developmental cell death was affected by mutations of CED-9, a Bcl-2 ortholog in the worm (20) . Moreover, CED-9, when transfected into mammalian cells, could antagonize mitochondrial fragmentation during apoptosis (27) . Recent work by Karbowski et al. (28) further suggested a role of Bax and Bak in mitochondrial morphogenesis in normal healthy cells. Nevertheless, whether and how they are involved in the regulation of mitochondrial fragmentation during apoptosis is unknown.
Using loss-and gain-of-function approaches, we now show that Bak, but not Bax, has a critical role in mitochondrial fragmentation during apoptosis. Mechanistically, Bak interacts with Mfn1 and Mfn2, two mitochondrial fusion proteins. During apoptosis, Bak dissociates from Mfn2 and associates with Mfn1. Mutation of Bak in the BH3 domain prevents its dissociation from Mfn2, which is accompanied by the loss of mitochondrial fragmentation activity. Thus, Bak may regulate mitochondrial morphology and pathology during apoptosis by interacting with mitofusins.
Results

Mitochondrial Fragmentation Occurs Early During Apoptosis and Is
Inhibited by Dominant-Negative Drp1 and Bcl-2 but Not by Caspase Inhibitors. To study the mitochondrial morphological dynamics during apoptosis, HeLa cells were transfected with Mito-DsRed2 (MitoRed) to fluorescently label mitochondria (Fig. 1A) and then subjected to three types of apoptotic treatment including azide, staurosporine (STS), and cisplatin (29, 30) . The treatments led to mitochondrial fragmentation. As shown in Fig. 1 A, control cells had filamentous mitochondria (Fig. 1 A, Control: MitoRed) and maintained cyt.c in the organelles (Fig. 1 A, Control: Cyt.c). After azide incubation, mitochondria became fragmented ( Fig. 1 A, Azide: MitoRed) and lost cyt.c into cytosol ( Fig. 1 A, Azide: Cyt.c). These changes were clearly shown by superimposing the MitoRed and Cyt.c images and by higher magnification (Fig. 1 A) . Cell counting showed that Ͻ5% of control cells had mitochondrial fragmentation (Fig. 1B) . Azide treatment for 1 h induced mitochondrial fragmentation in 36% of cells, and mitochondrial fragmentation increased progressively thereafter, reaching maximal levels in 3 h (Fig. 1B) . The percentages of cells showing cyt.c release and apoptosis were always lower than that of mitochondrial fragmentation. Thus, 1 h of azide treatment did not induce cyt.c release or apoptosis, but did induce mitochondrial fragmentation (Fig. 1B) . Similar results were shown for STS and cisplatin treatments (data not shown). The results suggest that mitochondrial fragmentation occurs early during apoptosis, before mitochondrial membrane permeabilization and cyt.c release.
VAD, a general peptide inhibitor of caspases, did not suppress mitochondrial fragmentation during apoptotic treatment (Fig. 1C) . VAD did not attenuate cyt.c release either (Fig. 1D) , although it diminished apoptosis as expected (Fig. 1E) . Thus, mitochondrial fragmentation is not secondary to caspase activation. Mitochondrial fragmentation during apoptosis might be a result of changes in mitochondrial morphological dynamics dictated by fission and fusion. We tested this possibility by targeting Drp1, a critical mitochondrial fission protein (31) . HeLa cells were transfected with wild-type Drp1 or its dominant-negative mutant [dn-Drp1 (31)] and were then subjected to apoptotic treatment. As shown in Fig. 1C , dn-Drp1 (and not wild-type Drp1) suppressed mitochondrial fragmentation during apoptosis. Notably dn-Drp1 also ameliorated cyt.c release and apoptosis [ Fig. 1 D and E and supporting information (SI) Fig. 6 ]. The results support earlier studies (15) (16) (17) (18) (19) (20) (21) (22) (23) for a role of mitochondrial fission or fragmentation in mitochondrial injury during apoptosis.
Bcl-2 family proteins are critical regulators of mitochondrial injury during apoptosis (4) (5) (6) (7) (8) . Whether these proteins regulate mitochondrial morphological dynamics under the pathological condition is unclear (16, 18-20, 24, 27, 32) . We demonstrated the inhibitory effects of Bcl-2 on mitochondrial fragmentation during apoptosis (Fig. 1C) . For example, mitochondrial fragmentation during azide treatment was reduced from 75% in untransfected cells to 33% in Bcl-2 transiently transfected cells. Bcl-2 also inhibited cyt.c release and apoptosis ( Fig. 1 D and E) . Mitochondrial fragmentation during apoptosis was also suppressed in cells stably transfected with Bcl-2 and by transient transfection of Bcl-XL (SI Fig. 7 ). Bcl-2 has dual subcellular localizations, mitochondria and endoplasmic reticulum (ER). Using Bcl-2 constructs of targeted expression (33, 34) , we showed that mitochondrial Bcl-2 was more effective than ER-Bcl-2 in suppressing mitochondrial fragmentation; nevertheless, mitochondrial Bcl-2 was not as effective as the wild-type gene (SI Fig. 8 ). Together, the results suggest that Bcl-2 family proteins may regulate mitochondrial morphological dynamics during apoptosis.
Mitochondrial Fragmentation During Apoptosis Is Inhibited in Bak-
Deficient Cells but Not in Bax-Deficient Cells. To pursue the mitochondrial morphological regulation by Bcl-2 family proteins, we focused on Bax and Bak, two crucial proapoptotic Bcl-2 proteins (4-10). We first examined Bax and Bak single-or double-knockout mouse embryonic fibroblasts (MEF) (9, 10); deficiency of Bax or Bak in these cells was confirmed by immunoblot analysis (SI Fig. 9 ). Regardless of their genotypes, all cells showed low mitochondrial fragmentation under control condition (SI Fig. 9 B-D). After apoptotic treatment, mitochondrial fragmentation was induced in wild-type cells and Bax-knockout cells ( Fig. 2A) . In sharp contrast, mitochondrial fragmentation was drastically reduced in Bakknockout and Bax/Bak double-knockout cells (Fig. 2 A) . Consistent with previous observations (10), single knockout of Bax or Bak reduced, and double knockout of Bax/Bak completely blocked, cyt.c release and apoptosis ( Fig. 2 B and C) . The results suggest a unique role of Bak in the regulation of mitochondrial fragmentation during apoptosis. This finding was validated by using trans- formed baby mouse kidney cells (35) (SI Fig. 10 ). We further confirmed the unique role of Bak in mitochondrial fragmentation during apoptosis in primary cultures of brain cortical neurons (SI Fig. 11 ) isolated from wild-type, Bax-knockout, and Bakknockout mice. Of note, in Bak-knockout cells, the limited cyt.c release was shown in the low percentage of cells that had fragmented mitochondria (SI Fig. 12 ). These results suggest that both Bax and Bak contribute to mitochondrial injury; however, their roles may not be completely overlapping. By inducing mitochondrial fragmentation, Bak may collaborate with Bax to ensure an efficient outer membrane permeabilization and complete cyt.c release.
Inhibitory Effects of Bcl-2 on Mitochondrial Fragmentation Depend on
the Presence of Bak and Not Bax. We determined whether Bak was required for the inhibitory effects of Bcl-2 on mitochondrial fragmentation (Fig. 3) . Consistent with our earlier results shown in Fig.  2 , mitochondrial fragmentation during apoptotic treatment in Bak-knockout and Bak/Bax double-knockout MEF was significantly lower than that of wild-type and Bax-knockout cells (Fig. 3  C and D versus Fig. 3 A and B) . Importantly, whereas Bcl-2 suppressed mitochondrial fragmentation in both wild-type and Bax-knockout cells (Fig. 3 A and B) , it did not inhibit mitochondrial fragmentation in Bak-knockout or Bak/Bax double-knockout cells (Fig. 3 C and D) . Thus, Bak seems to be an essential regulator of mitochondrial fragmentation whereby Bcl-2 exerts its inhibitory effects.
Bak Is More Effective Than Bax in Restoring Mitochondrial Fragmentation in Bax/Bak Double-Knockout Cells. If Bak is indeed a key to mitochondrial fragmentation during apoptosis, reconstitution of Bak into Bak-knockout cells should restore mitochondrial fragmentation. To test this, we transfected Bax/Bak double-knockout MEF cells with GFP-Bax, GFP-Bak, or GFP. MitoRed was cotransfected to reveal mitochondrial morphology. As shown in Fig.  4A , both GFP-Bax and GFP-Bak induced a transfection timedependent increase of mitochondrial fragmentation, but GFP-Bak was significantly more effective in this function (Fig. 4A) . The efficacy of GFP-Bak in mitochondrial fragmentation was not due to higher expression of this protein (Fig. 4A Inset) . We further determined the effects of Bax or Bak reconstitution on mitochondrial fragmentation during apoptotic treatment. To this end, Bax/ Bak double-knockout cells were cotransfected for 16 h with MitoRed and either GFP-Bax or GFP-Bak and then subjected to azide treatment. As shown in Fig. 4B , azide did not induce significant mitochondrial fragmentation in cells reconstituted with GFP or GFP-Bax, but it did increase mitochondrial fragmentation from 43% to 76% in Bak-reconstituted cells (Fig. 4B, GFP -Bak, open versus filled columns). Representative images of GFP-, GFP-Bax-, or GFP-Bak-transfected cells after azide treatment are shown in Fig. 13 ). This gain-offunction study further supports a role of Bak in mitochondrial fragmentation during apoptosis.
Bak Interaction with Mitofusins: Changes During Apoptotic Treatment
and Effects of BH3 Mutation. To gain mechanistic insights into mitochondrial morphological regulation by Bak, we determined Bak interaction with mitochondrial fission-fusion proteins. We first analyzed endogenous protein interactions by coimmunoprecipitation (IP). In this assay, Bak did not interact with Fis1 or Drp1, two mitochondrial fission proteins, under either control or apoptotic conditions (Fig. 5A) . On the contrary, Bak showed co-IP with two fusion proteins Mfn1 and Mfn2 in control HeLa cells (Fig. 5A, lane  1) . Notably, upon apoptotic induction by azide, Bak dissociated from Mfn2 and increased its interaction with Mfn1 (Fig. 5A, lane  2) . Similar interactions between Bak and Mfn1 and 2 were demonstrated during cisplatin treatment (SI Fig. 14) . The specificity of the co-IP assay was supported by control experiments by using Mfn1-or 2-deficient cells and nonimmune serum (SI Fig. 15 ). To further determine the interaction between Bak and Mfn1 and 2, we transfected HeLa cells with Myc-tagged Mfn1 or -2 to collect lysates for IP using an anti-Myc antibody. As shown in Fig. 5B , small yet consistently detectable amounts of Bak and Bax coimmunoprecipitated with Myc-Mfn1 under control condition (Fig. 5B, lane 1) ; the molecular interactions increased markedly during apoptosis (Fig.  5B, lane 2) . Bak and Bax also interacted with Myc-Mfn2 under control condition (Fig. 5B, lane 3) . After apoptotic treatment, Bak, but not Bax, dissociated from Myc-Mfn2 (Fig. 5B, lane 4) . Thus, Bak showed a unique interaction pattern with both endogenous (Fig.  5A ) and transfected ( Fig. 5B) mitofusins; remarkably the molecular interactions changed upon apoptotic induction. The molecular interaction between Bak and mitofusins was further confirmed by FRET assay (SI Fig. 16 ). In addition, transfected Bak and mitofusins showed colocalization (SI Fig. 17) . Collectively, the results suggest that Bak may regulate mitochondrial morphological dynamics by interacting with mitofusins. To further investigate this possibility, we used a loss-of-function mutant of Bak that had a point (L75E) mutation in the BH3 domain (36) . When transfected into Bax/Bak double-knockout MEF cells, the mutant Bak (mBak) did not induce apoptosis (data not shown), and, importantly, unlike wild-type Bak, mBak could not induce mitochondrial fragmentation either (Fig. 5C) . We then determined the interaction of mBak with Mfn1 and Mfn2. Similar to wild-type Bak (Fig. 5 A and B) , mBak interacted with Mfn1 weakly under control condition (Fig.  5D, lane 1) , and, upon apoptotic stimulation, the molecular interaction was markedly enhanced (Fig. 5D, lane 2) . The most striking differences between Bak and mBak were shown in their interactions with Mfn2. As shown in Fig. 5E , wild-type Bak interacted with Mfn2 in control cells (Fig. 5E, lane 1) , and the interaction was disrupted during apoptosis (Fig. 5E, lane 2) . In sharp contrast, mBak did not dissociate from Mfn2 during apoptotic treatment (Fig. 5E, lane 4) .
Discussion
In mammalian cells, Bax and Bak are essential to mitochondrial outer membrane permeabilization during apoptosis (9, 10). It is generally believed that the roles of Bax and Bak in mitochondrial injury and apoptosis are overlapping or redundant (4) (5) (6) (7) (8) , despite the notable differences in their subcellular localizations and interacting proteins (36, 37) , and the phenotypic differences between Bax-and Bak-deficient mice (9, 38) . Here, we have identified a previously undescribed function of Bak: it regulates mitochondrial fragmentation. The role seems to be unique for Bak, because it cannot be effectively substituted by Bax.
Mitochondrial fragmentation, as a result of altered morphological dynamics, has been implicated in mitochondrial injury during apoptosis (11) (12) (13) (14) . Our results now further suggest that the mitochondrial fragmentation may involve Bak. On the other hand, mitochondrial fragmentation involving Bak is not sufficient to induce maximal cyt.c release, which apparently requires Bax (9, 10) (Fig. 2B) . Thus, Bak and Bax need to collaborate to evoke a full mitochondrial pathology. It is also noteworthy that neither Bak nor Bax is absolutely required for cyt.c release. In Bax-deficient cells, Bax-mediated mitochondrial injury is attenuated, but Bak can induce a small amount of cyt.c release, probably via mitochondrial fragmentation. In Bak-deficient cells, Bak-mediated mitochondrial fragmentation is suppressed, but Bax can induce limited cyt.c release (Fig. 2B) .
A recent study by Karbowski et al. (28) showed mitochondrial fragmentation in Bax/Bak double-knockout cells under control culture condition. However, in our experiments, mitochondria in these cells were mainly filamentous (SI Fig. 9 B-D) . Filamentous mitochondria were also shown in Bax/Bak double-knockout cells by other groups (39, 40) . The exact cause of the discrepancy between these observations is unclear. Nevertheless the mitochondrial morphological dynamics seems to be quite sensitive to culture conditions, and subtle stress may induce fragmentation. In addition, the morphological dynamics is regulated during cell cycle, where mitotic cells tend to have fragmented mitochondria (41) .
It is unclear how Bak regulates mitochondrial morphological dynamics during apoptosis. Nevertheless, CED-9, a Bcl-2 protein in C. elegans, interacts with Mfn2 (27) . More recent work further suggests a functional interaction between Bax and Mfn2 in nonapoptotic cells (28) . We now show that Bak interacts with Mfn-1 and -2 but not with mitochondrial fission proteins. Upon apoptosis induction, Bak dissociates from Mfn2 and associates with Mfn1. Moreover, mutation of Bak in the BH3 domain prevents Bak dissociation from Mfn2 during apoptosis, which is accompanied by the loss of mitochondrial fragmentation activity (Fig. 5) . It is unclear why the mutant Bak cannot dissociate from Mfn2. One possibility is that, upon apoptotic stimulation, wild-type Bak can change its conformation to induce its dissociation from Mfn2, whereas the mutant Bak does not undergo the conformational change. Regardless of the underlying mechanisms, our results suggest a correlation of the mitochondrial fragmentation activity of Bak with its dissociation from Mfn2. It is plausible that the dissociation of Bak from Mfn2 may decrease the mitochondrial fusion activity of Mfn2 and, as a result, lead to cessation of fusion, inducing mitochondrial fragmentation. Further investigation is needed to test this possibility and gain mechanistic insights into the regulation and functionality of Bak-mitofusin interaction.
Our observation of the partial inhibitory effects of Bcl-2 on mitochondrial fragmentation is at odds with Sugioka et al. (18) but is consistent with Kong et al. (24) and Fannjiang et al. (19) . We further show that mitochondrially targeted Bcl-2 is more effective than ER Bcl-2, but less effective than wild-type Bcl-2, in suppressing mitochondrial fragmentation. Bcl-2 may not directly interact with Bak (37), but it may regulate mitochondrial morphological dynamics by sequestering BH3-only proteins, regulating Ca 2ϩ homeostasis, and/or interacting with mitochondrial fission-fusion proteins.
Knockout of Mfn1 or 2 leads to embryonic lethality in mice. MEFs derived from these gene knockout animals show very high levels of mitochondrial fragmentation, yet do not show much spontaneous apoptosis (42) , suggesting that the lack of mitofusins and consequent mitochondrial fragmentation does not necessarily induce cell death. On the other hand, a regulatory role of mitofusins in apoptosis has been suggested by gene overexpression and siRNA knockdown studies (18, 43, 44) . Despite these findings, it is unclear how mitofusins are regulated during apoptosis. Our current results suggest that their regulation may involve Bak. Identification of a function of Bak in mitochondrial morphological dynamics should have significant implications in our understanding of Bcl-2 family proteins, apoptosis, and mitochondrial pathology.
